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Cycle Length-Dependent Effects on Normal and Abnormal
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KYONG TURK, MD, ALFRED E. BUXTON, MD, FACC, MARK E . JOSEPHSON, MD, FACC,
FRANCIS E . MARCHLINSKI, MD, FACC
Philadelphia, Penmsyierredr :
The effect of procainamide (mean concentration 9.1 t 2 .0
aglml) on cycle length-dependent changes in eledrographic
characteristics was determined in 10 patients with prior
myocardial Infarction . Intracardiac bipolar eleftrogrems
were recorded from an abnormal left ventricular site in the
distribution of prior (>6 month) myocardial infarction and
from a normal right ventricular site . Pacing was performed
for 15 beats from the right ventricular apex at cycle lengths
of 600 (or 500), 400 and 300 ms . In the control state, the
QRS width, the normal electrogram and in 9 of rive 10
patients the abnormal eleetrogrom did not change with
decreasing cycle lengths After procainamide the mean QRS
width Increased from 203 : 32 to 240 : 50 ms (+18%, p <
0 .01) at a paced cycle length too (or 500) rats, from 198 t
34 to 245 : 59 ms (+24%, p < 0.01) at a paced cycle length
of 400 ms and from 197 ± 36 to 258 ± 67 ms (+31 %, p <
0.01) at a paced cycle length or 300 ms. Corresponding
increases In electrogram duration at the normal site were 31
± 14 to 36 t 14 ms (+16%, p < 0,011, 33 ± 13 to :;9 ± 19
ms (+18%, p < 0.02) and 33 ± 15 to 43 : 20 ms (+30%, p
< 0.01), respectively, and at the abnormal site were 70 ± 11
Electrophysiologic effects of antiarrhythmic agents may he
rate dependent . Progressive depression of the rate of rise of
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to 93 t 19 .1 1+33%, p < 0.01), 74 0 10 to 102 x 20 ms
(+3R%, p < 0 .01) and 73 m 12 ms to 122 :32 net (+67%,
p < 0.01), respectively
. Electrogram amplitudes did nut
change significantly after procainamide administration .
After procatnanlide, QRS width and ahnermal eledeo-
gram duration Increased significantly with pacing at short
versus long cycle stages . Three patients developed Intermit .
tent loon of a late canponet of the abnomtal dedrogram
during pacing at the shorter paced cycle length that war
associated with the development or vehicular tachycardia
in two of the patients . Comparison of the percent change in
local eledrogram chandler after procalnamlde In them pa
.
bents who did not demonstrate Intermittent loss of The late
component of the abnormal eleclrogmen showed a more
pronounced prolongation of the abnormal electogram a1 the
shot ter paced cycle length (p = 0 .05) . In summary, promin.
amide appears to have a greater cycle length-dependent
effect on eledrognm duration in chronically lnhrted tis-
sue. This selective effect might he an important mechasdem
far the anti
. or proarrhylbmic action of prayiaamide
.
(J Aat CoU Cordial 1988;120395-483)
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action potentials with increases in stimulation frequency
after adminisbrotion of quinidine was first observed by John-
son and McKinnon (1). To explain frequency- or use-
dependent effects of antiarrhythmic agents, the modulated
receptor hypothesis by Hondeghem and Kalzung (2) postu-
lated that sodium channel Mockers have a low affinity for
channels al rest and a high affinity for inactivated or acti-
vated channels, orhoth
. Thus the affinity for sodium channel
b)ockels such as procainamide is greater for depolarized
cells and increases with higher stimulation frequencies . It is
unclear whether the effect of antiarrhythmic agents on
conduction velocity with increased stimulation frequencies
is due solely to changes in active membrane properties or
whether changes in passive membrane properties also play
an important role (3,4) . Although frequency-dependent ef-
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fects of anliarrhythmic agents have been extensively dem-
onstrated in vitro (5) and recently in canine myocardium in
vivo (6), studies in humans have been limited . Morady et al .
(7) demonstrated rate-dependent effects of anliarrhythmic
agents in humans on paced QRS width .
The purpose of this
study
eras : I) to determine whether
electrically normal and abnormal myocardial areas have the
same cycle length-dependent response with respect to ctec-
irographic characteristics • and 2) to determine the effect of
procainamide on cytu. :°vgth-dependent changes in normal
and abnormal electrographic characteristics.
Methods
Study patients . Ten patients referred to the Hospital of
the University of Pennsylvania for electrophysiologic eval-
uation of sustained ventricular tachyarrhythmias underwent
endocardial catheter mapping during electrophysiologic
study
. All patients had coronary heart disease with docu-
mented prior myocardial infarction . The surface electrocar-
diogram (ECG) showed evidence of prior Q wave anterior
myocardial infarction in six patients and inferior myocardial
infarction in four. Coronary arteriography and left ventricu-
lography confirmed the presence of fixed obstructive coro-
nary artery disease in all patients and severe wall motion
abnormalities in the distribution of severe coronary slenosis .
Study protocol. All studies were performed in the fasting
state after informed written consent had been obtained . All
antiarrhythmic agents were discontinued for at least five
half-lives before endocardial catheter mapping was per-
formed ; no patient had been taking amiedarone . Three 6F
(USCI) quadripolar catheters were inserted percutaneously
into the femoral vein and advanced to the right atrium, the
right ventricular apex and the right ventricular outflow tract .
One 6F quadripolar catheter was inserted percutaneously
into the femoral artery and advanced to the left ventricle
under fluoroscopic guidance . The left ventricular catheter
was placed for the purpose of the shady protocol and for
endocardial activation mapping during induced ventricular
tachycardia in preparation for a possible surgical or catheter
ablative procedure . The catheters had a 5 mm interelectrode
distance with a width of the electrode ring of 1 .5 mm.
Bipolar pacing was performed from the distal pair of
electrodes in the right ventricular apex using a I ms rectan-
gular pulse at two times diastolic threshold . Simultaneous
right atria] and right ventricular apical pacing was performed
at cycle lengths of 600, 400 and 300 ms for >_IS heads . In
three patients with a sinus cycle length <600 ms, ventricular
pacing was started at a cycle length of 500 ms . Bipolar
recordings of local electrical activity at the right ventricular
outflow tract were obtained with the proximal pair of the
electrode of the quadripolar catheter (interelectrode distance
of 5 mm) using a variable gain ; for each recording a I mV
calibration signal was obtained. Bipolar electrograms from
JACC Vat . 12 . No . 2
Augmt 158E395-4113
the left ventricle were recorded at variable and fixed gains (I
cm = I mV) with a 10 mm interelectrode distance (distal and
third electrodes) of the quadripolar catheter . All electro-
grams were filtered at 301o 500 HZ . Intracardiac recordings
and surface leads I, aVF and V
I
were recorded on a 16
channel Mingograph (Siemens-Elema) at a paper speed of
250 malls and simultaneously displayed on a multichannel
oscilloscope (Electronics for Medicine VR 16) and stored on
analog magnetic tape (Honeywell 5600) .
All left ventricular electrograms were recorded from
endocardial sites in the anatomic distribution of prior infarc-
tion
. All left ventricular electrograms were abnormal as
defined by two
of
three of the following criteria : an ampli-
tude <3 mV, a duration >70 ms or an amplitude to duration
ratio <0.046 during sinus rhythm (8) . Selection of left
ventricular silos was arbitrary with the only criterion for
selection being that the electrograms recorded from the site
were abnormal . All right ventricular electrograms had nor-
mal clectrographic characteristics
. To exclude differences
due to the recording technique of right and left ventricular
electrograms, right ventricular electrograms of five patients
were recorded with a 5 mm and 10 mm intraetectrode
distance, which demonstrated no difference in the percent
change of electrogram duration after procainamide .
lnlracnrdioc elerrrogruut amplitude and duration were
manually digitized with a Hewlett-Packard 9816 computer
and digitizing system . The last paced beat of the 15 beat
drive at cycle lengths of 600 (500), 400 and 300 ms was
measured . Analysis in five patients showed that there was no
significant change in normal or abnormal electrogram dura-
lion after 5 versus IS paced beats after procainamide admin-
istratiop if Wenckebach-like phenomena with intermittent
loss of electrogram components were not observed (see
later). A modest trend toward an increase in electrogram
duration between the 5th and 15th paced beats was noted
only at the abnormal site during pacing at the shortest 1300
ms) cycle length ater procainamide administration . The
electrogram duration at the 5th beat was 116 .0 versus 118.5
ms at the 15th beat (p = 0 .07) . This mean difference of2 .5 ms
approximated the error
of measurement (see later) and
represented <3% of the mean electrogram duration after
procainamide administration at a paced cycle length of 300
ms. Despite this finding suggesting an early approximation of
the steady state and in lieu of a longer duration of pacing, all
changes after procainamide should be considered relative,
that is, after 15 beats of pacing at each respective cycle
length . Measurement reproducibility was within 2 ms for
electrogram duration and 10% for electrogram amplitude as
measured by two independent observers
. The local electro-
gam duration was measured from the point where the
electregrom first deviated from the baseline to the point
where it returned. The duration of the low amplitude activity
of the abnormal left ventricular sites was measured from
electrograms recorded at a fixed gain (I cm = I mV) (8) . The
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duration of the QRS complex was measured from surface
leads 1, uVF alad V„
Procainamloe infusion. With the catheters maintained in
the same position, procainamide (15 rav
ens
body weight) was
infused at a rate of 50 mg/min followed by a maint :r ante
infusion of 0
.11 mglkg per min . Before repeating stimulation
from the right ventricular apex and recording electrograms
from the right ventricular outflow tract and the left ventricle
.
a stable catheter position was reconfirmed by multiplane
fluoroscopy . Stimulation was repeated beginning after at
least 5 min of the maintenance infusion
. Procainamide serum
concentrations were obtained immediately after recording of
the electrograms .
Data analysis . Results are expressed as mean SD in
millisecond, millivolt and percent change . Patients showing
intermittent block of a later component in the left ventricular
electrogram with rapid pacing were not included in the
quantitative analysis of the data . Student's t test was used to
compare ECG changes before and after procainamide and
for comparing the effect of pacing site at each paced cycle
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Figure I
. Example of cycle length-dependent effects on electrograms
before (left and ner (right) administration of procainamide. The
duration of the normal right ventricular IRV) and abnormal left
ventricular (LV) electrogmms did not change with faster paced
cycle lengths in the control state. After procainamide a more
pronounced prolongation of the abnormal left ventricular elecero-
grum compared with right ventricular electrogram occurs with
shorter cycle lengths
. RVA = right ventricular apex ; RVOT = right
ventricular outflow tract ; S = stimulus; curved umws indicate onset
and end of lea veutricularclectrogramr
length . One way analysis of variance was used rn compare
the effect of cycle length on electrographic characteristics .
The influence of pacing site (chronic infarction) on the cycle
length-dependent change in electrogram duration after pro-
cainamide was also assessed by comparing the percent
change in electrogram duration between paced cycle lengths
600 and 300 ms at both recording sites using Student's I test .
A p value ---0.05 was considered significant .
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Figure 2 . Panel A illustrmes the progressive increase in the abnormal
left ventricular electrogram duration with shorter paced cycle
lengths in the control slate . This observation was noted in only I of
the to patients m the control state
. After procainamide (panel 0),
ventricular tachycanlia is induced during pacing ate cycle length or
3011 ms
. Development of venlricula.r tachycardia was preceded by
even greater inlraelectrogram conduction delay
. Abbreviations as in
Figure I .
Results
Baseline study . In the baseline state the mean QRS .sidth
was 203
•- 32 ms at a paced cycle length of 600 (500) . 198 t
34 at a paced cycle length of 400 ms and 197
.
36 ms al a
paced cycle length of 300 ms (p = ns) . Corresponding values
for the local electrogram duration from the recordings at the
normal site were 31 ± 14, 33
t
13 and 33'_ 15 i ns . in ns),
respectively . Recordings at the abnormal site were 70 *- 11,
74 t 10 and 73 ± 12 ms (p = ns) . respectively . In the
baseline state (Fig
. I) there was no significant change in QRS
width or normal electrogram duration with decreasing cycle
lengths. In nine patients the abnormal left ventricular elec-
trogram duration did not change significantly . but one pa-
JACr Vol. 12. No. 2_
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lien showed progressive delay of the abnormal electrogram
with higher stimulation frequencies before the administra-
tion of procainamide (Fig . 2)
. The amplitude of the local
electrograms did not change with paced cycle length at the
normal right ventricular site (6 .4 ± 3 .9 mV at 6011 ms- 6 .3 '_
3.8 mV at 400 ms and 6 .3 '_ 3 .5 mV at 300 ms) or at the
abnormal left ventricular site (1 .9 `- 1 .1 mV at 600 ms, 2 .0 ±
1 .1 mV at 400 ms and 2.0 ± 1 .3 mV at 300 ms).
Effects of procainamide . After procainamide adminislra-
tion the mean QRS width was 240 *- 50 ms (+18% . p < 0 .111
compares' with control) at a paced cycle length of 600 (500)
ms,245 ± 59 ms (+24% . p < 0 .01) at a paced cycle length of
400 ms and 258 ± 67 ms (+31%, p < 0
.01) at a paced cycle
length of 300 ms. Corresponding values for the normal
electrograms (Fig. 3 and 4) recorded at the right ventricular
callow tract were 36 t 14 ms (p < 0 .01 compared with
control), 39 ± 19 ms (p < 0 .02) and 41 ± 70 ms (p < 0.01),
respectively, and for the abnormal electrograms were 93 -_
19 ms (p < 0.01 compared with control), 102 ± 20 Fits (p <
0.01) and 122 ± 32 ms (p < 0 .01), respectively . Thus,
procainamide increased the QRS width and the duration of
the intracardiac electrograms at each paced cycle length
.
After procainamide administration the QRS width in-
IACC Vol . 12, No . 2
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Figure 3
. Effect of procainamide on the duration of the normal right
ventricular (RV) electrogram (EGI and abnormal let) ventricular
(LVI electrogram . At each site and cycle length there was a
significant increase in the electrogram duration (p values indicated
below figure). In addition, after procainamide, a cycle length-
dependent increase in the abnormal left verlricular elect
"en induration was observed the p value indicated above the figure s
based on one way analysis of variance) . NS = not significant .
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Figure 4
. The percent increase in the e)ectrogram (EG) duration
after procainamide administration at normal right ventricular IRV)
Versus abnormal left ventricular (LV) sites at each paced cycle
length (PCL) . At a cycle length of 300 ms a greater increase was
observed in the electrogram duration recorded from the abnormal
site (p = 0 .05) . One way analysis of variance demonstrated a cycle
Iangth-dependent difference from 600 or 400 ms to 300 ms in the
degree of change in electrogram duration at abnormal but not normal
sites (significance bars above bar graphs) .
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creased significantly at a paced cycle length of 300 ms
compared with that at fi00 (500) ms (p < 0
.01) or 400 ms (p <
0,05) but the QRS width did not change significantly com-
paring paced cycle lengths of 600 (500) and 400 ms . The
increase in duration of right ventricular electrograms during
pacing at shorter cycle lengths versus longer cycle lengths
after procainamide did not reach statistical significance (Fig .
3 and 4) . The mean duration of the abnormal electrogram
after the administration of procainamide increased signifi-
cantly as the paced cycle length was decreased . Further-
more, after procainamide the percent change in local elec-
trogram duration at the shortest paced cycle length (300 ms)
was greater (p = 0 .05) at the abnormal left ventricular site
than at the normal right ventricular sites (Fig. 4)
. In addition,
with a decrease in paced cycle length from 6001o 300 ms the
percent change in electrogram duration after procainamide
increased by 36 ± 24% at abnormal sites versus 12 t 15% at
normal sites (p = 0 .05). The electrogram amplitudes at
normal (5 .9 -* 4
.4 mV at 600 ms, 6
.4 ± 4
.1 mV at 400 ms and
6.3'- 3.4 mV at 300 ms) and abnormal sites (1 .7 m 1 .0 mV at
600 ms, 1 .4 ± 1 .1 mV at 400 ms and 1 .4 ± 1 .0 mV at 300 ms)
did not change significantly after procainamide at any paced
cycle length .
After procainamide administration, six patients demon-
JACC Vol, 12, No
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Figure 5. Example of intermittent loss
or late components of the left veruncu-
lar (LV) electrogram after procaina-
mide (large arrowheads, Panel B) dur-
ing pacing at a cycle length of 300 ms
not present in the control state (Panel
A). Abbreviations as in Figure t .
gurgled a change in the morphologic characteristics of the
abnormal electrograms at shorter paced cycle lengths. Two
of the six patients showed a Wenckebach-like phemoret on
after procainamide with progressive prolongation and loss of
terminal components of the left ventricular electrogram, and
one patient developed 2 :1 block of a late component of the
left ventricular electrogram (Fig. 5) . In two of these patients
ventricular taehycardia was induced after procainamide in
association with progressive delay of a late component of the
left ventricular electrogram (Fig. 2) .
Discussion
Effect of procainamide on abnormal versus normal centric .
ular electrogram. This is the first study to describe cycle
length-dependent effects of antiarrhythmic agents on normal
right and abnormal left ventricular electrograms in humans .
In the baseline state, with decremental pacing from the right
ventricular apex, no significant changes in QRS width and
duration of the electrogram from the electrically normal right
ventricular site occurred. Among the 10 patients, with the
exception of one patient who showed progressive delay of
the abnormal left ventricular electrogram with shorter paced
cycle lengths, no significant change in the duration of the
JACC Vol. 12
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abnormal eleclrogram was noted with more rapid pacing in
the baseline state . After the administration of procainamide,
the duration of the QRS complex and the duration of normal
and abnormal electrograals increased significantly . Three of
the 10 patients developed dramatic changes in the abnormal
electrogram characteristics with progressive lengthening and
intermittent loss of eleclrogram components during pacing at
the shorter paced cycle length . Of note . even after excluding
the patients who demonstrated the most dramatic changes in
electrogram duration (intermittent loss of electrogram com-
ponents) from the quantitative analysis, a cycle length-
dependent effect on the duration of the abnormal electro-
gram was still observed after procainamide
. Importantly, a
comparison of the percent change of local clectrogam
duration showed a mom pronounced prolongation (p = 0.05)
in electrograms recorded from abnormal left ventricular sites
than it did in those recorded from normal right ventricular
sites at the shorter paced cycle length of 300 ms. In addition,
a greater increase in the percent change in electrogram
duration occurred between paced cycle lengths of 600 and
300 ms from recordings at abnormal sites than at normal
sites
.
Basis for the greater effect at abnormal site
.
Abnormal
electrograms, as defined by criteria from endocardial cathe-
SCHMITT ET AL. 40 1
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ter mapping during sinus rhythm (8), correspond to electrical
activity of chronically infarcted myocardium in akinetic or
dyskinetic areas (9) . As suggested by experimental studies
(10-13), abnormal or fractionated activity recorded from
chronically infarcted sites probably represents electrical
activity front myocardial cells with relatively normal action
potentials . Gardner et at . (13) demonstrated that surviving
muscle fibers in subepicardial regions after infarction are
arranged in parallel bundles separated by fibrous tissue,
which causes a nonuniform anisotropic structure . The inter-
vening fibrous tissue along the longitudinal axis of these
muscle bur-aes results in fewer side to side connections
between the bundles and causes marked slowing in trans-
verse conduction, although the transmembranous action
potentials are normal in these regions
(14) .
Gardner et al.
(14) speculated that the individual components as recorded
in fragmented efectrograms could represent electrical activ-
ity in each of the separate bundles of surviving muscle fibers
under the recording electrode .
We recently found (15) a similar degree of increase in
normal and abnormal electrogram duration recorded during
normal sinus rhythm after procainamide administration . In
the present study, the more pronounced increase in the
duration of the local electrogram recorded from abnormal
40
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sites with increasing stimulation frequencies is surprising
and could imply: I) a stronger use-dependent effect of
procainamide on surviving cells of infarcled areas, 2)
amore
profound effect of procainamide on the nonuniform aniso-
tropic conduction in chronically infarcted tissue during
shorter cycle lengths, or 3) a combination of both .
Prorainamide nmy slam conduction velocity by decreas-
ing the maximal rate of the upstroke of the fast action
potential probably by a reduction of inward sodium current
(16,17) . Like other sodium channel blockers, procainamide
has been demonstrated to have use-dependent effects (18,19)
with a greater affinity for inactivated or activated channels,
or both, than for channels at rest . Although use-dependent
effects of antiarrhythmic agents were defined by a rate-
dependent decrease of Vin„ of fast actio f potentials, the
underlying mechanism for rate-dependent increases in con-
duction time as indexed in QRS width and electrogram
duration could be identical
. However, because normal or
nearly normal action potential characteristics are found in
chronically infarcted regions in animal models (10-13), use-
dependent effects alone on action potential characteristics
are unlikely to cause more pronounced increases in duration
in abnormal left ventricular electrograms than in normal
right ventricular electrograms .
It is known that conduction velocity is dependent on fiber
orientation and that the effect of procainamide on slowing
conduction velocity is also dependent an fiber orientation
(3,4) . Further investigation, however, is required before any
definitive comment can be made explaining ourobservations
on the role played by a rate-dependent alteration (by procain-
amide) on the nonuniform anisotropic conduction that re-
sults from infarction .
Additional observations. The occurrence of Weneke-
baeh-like electrogram patterns (Fig . 2 and 5) after procain-
amide with rapid pacing in recordings from chronically
infarcted tissue has not been previously documented in
humans . Miller et al. (20) demonstrated intermittent failure
of local conduction during ventricular tachycardia and Bai-
ley and Tan (21) documented in one patient after procaina-
mide administration a similar Wenckebach-like pattern in a
local electrogram recorded during sinus rhythm . In experi-
mental preparations (22), Wenckebach-like phenomena at
very short paced cycle lengths in composite electrode re-
cordings from infarcted zones are frequently noted before
the initiation of ventricular tachycardia . Thus, experimental
work and preliminary observations in humans are consistent
with observations on the frequency-dependent changes in
abnormal electrogram characteristics after procainamide
administration
.
Limitations of study . Cycle length-dependent effects of
procainamide on normal left ventricular sites were not
available for comparison with the changes noted at infarcted
left ventricular sites ; the effects of different muscle thickness
of the left ventricle compared with the right ventricle on the
results of our study cannot be excluded
. The effects of
different levels of perfusion of the normal right ventricle and
chronically infarcted left ventricular sites on procainamide
tissue concentrations could also not he evaluated . Finally,
recordings from right ventricular sites were made with a 5
mm interelectrode distance compared with a 10 mm inter-
electrode distance for recordings from left ventricular sites .
Ornate, the interelectrode distance did not affect the percent
change in local right ventricular electrographic variables
after procainamide when values were compared in five
patients (see earlier).
Conclusions. Procainamide produces an increase in the
duration but not in the amplitude of ventricular electrograms
recorded from normal and abnormal (chronically infarcled)
endocardial sites at cycle length ranging from 600 to 300 ms .
The degree of increase in electrogram duration became
greater at abnormal when compared with normal endocardial
sites as the paced cycle length was shortened. with dramatic
changes in electrographic characteristics (intermittent loss of
electrogram components) occasionally observed from re-
cordings obtained from chronically infarcted sites during
pacing al a cycle length of 300 ms . The basis for this
preferential cycle length-dependent effect on this index of
conduction in chronically infarcted myocardium is
unknown .
we acknowledge Faith Marie Hope fur skilnW preparation or this manuscript .
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